Composites of high density polyethylene with three different amounts of modified boron carbide namely: 7 phr (parts per hundred parts of resin), 15 phr and 24 phr have been prepared. These composites show excellent thermal neutron shielding properties which increase with the increase of boron content in the composites matrix. Moreover, the effects of boron carbide on the mechanical properties, the effect of thermal oxidative aging on mechanical properties and swelling of composites in different solvents have also been studied in these composites.
Introduction
Polymers and their composite materials play an important rule in our daily life. No nuclear, chemical or power plant can function without the use of a wide variety of polymers and/or their composites. Although the amounts used are small in comparison with other engineering materials, they perform a crucial role as valve diaphragms, gaskets and seals, insulation and sheathing for electric cables, lubricants, greases, pneumatic pipes, adhesives, disposable clothing for personnel entering active areas. Among other important safety measures in nuclear power plant, neutron shielding is very important. The interaction of neutron causes ionization of the media through a complicated mechanism involving the emission of energetic secondary charged particles [1] . For this purpose, different polymer composites are employed as neutron shielding materials [2] [3] [4] [5] [6] [7] . Mostly thermoplastics, including low-and high-density polyethylene or their composites are commercially available. They have their own inherent advantages, i.e., it can be moulded into desired shapes and it occupies less space.
Polyethylene [(CH 2 ) n ] alone, is a very effective neutron shielding material and displays excellent attenuation behavior because of its hydrogen content (14% by weight) and its density. It is an inexpensive, sealable material and resistant to many chemicals. Another advantage is its hydrophobic nature which reduces the possibility of a superficial contamination to a minimum. In polyethylene, the hydrogen capture of thermal neutrons is through the 1 H(n, γ) 2 H reaction which has a cross section of 0.33 barn for neutrons in thermal equilibrium at room temperature (E n = 0.027 eV). The emitted γ-rays has energy of 2.2 MeV. This γ-rays can effect the physical properties of the polyethylene and may also provide a somewhat troublesome source of radiation exposure in some situations. This problem can be overcome by the addition of a suitable element into the polymer matrix. Boron is an excellent choice due to its high neutrons cross section which is 3837 barns. The addition of boron in polyethylene can also reduce the build up of 2.2 MeV photons released during the thermal neutron capture by hydrogen. The capturing of thermal neutrons by boron is through the 10 B(n,α) 7 Li reaction [8] . During this reaction, the emitted α-particle is accompanied by a 0.48 MeV γ-rays. The α-particle is readily absorbed by the polymer matrix while the γ-rays would pass through the matrix. Commercially available materials for neutron shielding are polyethylene containing different additives of boron among which boron carbide (B 4 C) is widely used as shielding material either alone or combined with other materials [2] [3] [9] [10] . The previous work on B 4 C reported by Abdel Aziz has used different amount of B 4 C in low density polyethylene (LDPE) [3] where, no remarkable attenuation of neutron has been obtained by using higher concentration of B 4 C in LDPE matrix; whereas, we have used high density polyethylene (HDPE) as polymer matrix.
The shielding properties of HDPE/ B 4 C composites were studied using thermal neutron irradiation technique. The thermal neutrons were obtained from a 10 MW Pakistan Research Reactor (PARR-1) with a core flux of 1 × 10 14 n/cm 2 /s and were converted to monoenergetic neutron beam through a monochromator. The monochromated thermal neutrons having energies (1meV) with neutron flux of 1 ×10 5 n/cm 2 /s on the sample position were bombarded on various thicknesses of the samples for equal interval of time. The neutron fluence on the sample for each measurement was 10 7 n/cm 2 . The transmitted beam was collected with a BF3 detector (Reuter Stokes , USA) with Ortec counter timer counting system.
The aim of this work is to study the thermal neutron absorbing ability of different concentration of modified B 4 C in HDPE matrix. The mechanical properties, swelling behaviour in different solvents and the effect of thermal oxidative aging of HDPE/B 4 C composites were also studied. These composites can be fabricated into various forms such as planar sheets, spheres, and cylinders and have an important technological application as thermal neutron radiation shielding materials.
Results and discussion
Three commercially available polyethylenes namely:
3 ) and linear low density polyethylene (LLDPE, d = 0.918g/cm 3 ) were initially investigated for their attenuation behaviour for thermal neutron and the results are tabulated in Table 1 .
Tab. 1. Attenuation coefficient of different commercially available polyethylene materials.
Materials
Attenuation Coefficient, Σ (cm -1 ) Low density polyethylene 0.145 High density polyethylene 0.330 Linear low density polyethylene 0.144
It can be seen from the table that HDPE show maximum attenuation (0.330 cm -1 ) for thermal neutron amongst other two congeners. This difference in attenuation values is due to the difference in density as well as in crystallinity of the polymer matrix. Therefore, HDPE is selected for the preparation of HDPE/B 4 C composites. The ln(lo/l) as a function of the sample thickness is plotted in Figure 1 . It can be seen from this figure that ln(lo/l) increases as the thickness of the HDPE/B 4 C composites is increased. It is also revealed from the figure that higher the B 4 C content, higher the attenuation. The mechanical properties of the HDPE and its composites with B 4 C at different loading are shown in Table 3 . The reported results in Table 3 The Young moduli, were evaluated as the initial slope of stress-strain curves. The addition of B 4 C decreases the modulus of the HDPE. It has been observed that the addition of additives decreases the degree of crystallinity of the polymer. This effect is mainly located in the boundary regions between crystalline and amorphous phases. As the modulus of a semicrystalline polymer is strongly affected by the properties of the boundary regions, therefore, a decrease in moduli is observed by slight decrease of crystallinity [11] . A small decrease in modulus is observed for HDPE/B 4 C composites having 7 phr and 15 phr B 4 C loading. This shows better dispersion of B 4 C particles in the polymer matrix. A large decrease in modulus is observed at 24 phr filler loading which might be due to the decrease of distance between filler particles. High temperature aging may have considerable effect on the mechanical properties of polymers, such as the noticeable reduction in molecular mobility causing an increase in creep rate and greater tendency for brittle failure [12] [13] . High temperature aging may also affect the resistivity of polymers containing metallic fillers [14] . The aging of composite samples at 70 ˚C for one week greatly affect the mechanical properties as shown in Table 4 . The results revealed that the aging of HDPE sample did not affect the Eb, Tb and modulus whereas in HDPE/B 4 C composites these properties are adversely affected by aging due to the presence of B 4 C. In B 7 samples, Eb was reduced from 779% to 290% and Tb was reduced from 2. The response of polymer against solvent is very important for its applications. The action of solvents on polymers may result in the absorption of the solvent and/or extraction of soluble constituents. The mass and dimensions of the polymer will be changed due to the penetration of the solvent and results in the swollen structure. 
This swelling process may lead to deformation or destruction of the sample microstructure. The weight change is a good general measure of the resistance of a polymer to a given liquid. The degree of swelling of B 7 at different time along with the molar volume and cohesive energy of the solvents used are listed in Table 5 . This table shows that no swelling of B 7 was observed in the following solvents: distilled water, acetone, methanol, 12% NaOH and 10% H 2 SO 4 whereas it absorb kerosene, toluene and chloroform at different absorption rate. High degree of swelling was observed in chloroform and toluene and high degree of swelling in a given solvent indicates that the polymer composite is not suitable for use in that environment [15] .
Conclusions
HDPE composites with three different concentrations of B 4 C (7phr, 15 phr and 24 phr) as radiation shield for slow neutrons have been prepared. The increase in the amount of B 4 C into HDPE matrix improves it attenuation for slow neutrons and maximum attenuation (Σ = 4.46 cm -1 ) was obtained for B 24 composites.
Experimental part
LDPE, HDPE and LLDPE were supplied by SABIC, Saudi Arabia. Boron carbide (from Sigma Aldrich) and antioxidant, (Irganox-1010 from Ciba Specialty Chemicals) were used as received. Surface treatment of the B 4 C was carried with stearic acid (1%) in dry powder using ball mill.
Preparation of samples
The HDPE was melted at 150 °C in a Haake Plasticorder equipped with a Rheomix 600 internal mixer for three minutes. The rotor speed was set at 35 rev per min -1 (rpm). Then calculated amount of boron carbide into the HDPE was added at the same temperature and mixed it for further 10 minutes. The thermocouple in the mixing chamber allows determination of the temperature of the molten blend (melt temperature). The admixture was compression moulded at 160 o C into 1mm thick sheets under pressure of 15 kgf/cm 2 for 5 minutes. The compositions of these composites are given in Table 6 .
Thermal neutron Measurements
Thermal neutron fluxes from a reactor collimated beam of the size (of 2 cm width and 5 cm height) emerging form the horizontal beam of the PARR-I were measured on the beam exit side of the composite layers of different polyethylene and HDPE/B 4 C composites for a range of thickness. The incident thermal neutron flux after passing through the composite sample was measured using a thermal neutron BF 3 detector. An operating voltage of 2.3 kV was used to bias the detector and out put was fed to a preamplifier and then to an amplifier. The data for various thicknesses of different polyethylene and HDPE/B 4 C composites were repeated several times for equal interval of time for reproducibility and for better statistics. The sides of the exit beam aperture where the samples were mounted and the detector collimation were shielded to a few mm by cadmium filters to inhibit the side scattering.
Swelling Measurements
Swelling measurements were measured by using the following procedure. Three pieces of sample of approximately uniform size and weight (~ 0.5 g) were accurately weighed (m o ) by using an electric balance of sensitivity, 10 -4 g and immersed in 50 ml of respective solvent at room temperature for 24 h and 48 h. After that the sample was taken out and placed between two pieces of filter paper. Then the sample was placed in weighing bottle and reweighed (m), the degree of swelling (Q) was calculated by using the following equation: The solvent used in this study are: distilled water, kerosene, toluene, acetone, chloroform, methanol, 12% NaOH and 10% H 2 SO 4.
Mechanical Properties
Five individual dumbbell-shaped specimens for tensile test were cut using a steel die of standard width of 5 mm. The thickness of the test specimens was determined to the nearest of 1 µm using a micrometer. The elongation at break (Eb), tensile strength at break (Tb) and modulus were measured by using an Instron Machine, Model 4301, maximum load 5 kN were performed according to ASTM method D-628. The test was performed at crosshead speed of 200 mm/min at room temperature (~25 o C). Aging of the samples have been carried out at 70 ˚C for one week in a Geer Type Aging oven from Toyo Seiki, Japan.
